Fourteen anthocyanins were detected in the flowers of R. simsii distributed in Vietnam and Japan. The anthocyanin constituents of R. simsii flowers seem to be more complex in the Japanese than Vietnamese population. The percentage of each flower anthocyanin was very low except for two major anthocyanins found in all Vietnamese and Japanese accessions. It was not possible to classify the Vietnamese and Japanese populations by flower anthocyanin constituents. The two major anthocyanins found in all accessions of R. simsii flowers in Vietnam and Japan were isolated and purified by column and high-performance liquid chromatography. Their structures were elucidated by 1 H-NMR spectroscopic analyses and either acid or alkaline hydrolysis, and they were identified as cyanidin 3-galactoside and cyanidin 3-arabinoside. These two anthocyanins seem to be common to red-flowered evergreen azaleas, such as R. indicum, R. kaempferi, R. oldhamii, and R. scabrum.
Introduction
Rhododendron simsii Planchon, a semideciduous shrub with red flowers, is distributed in the temperate regions of southern and central China, Myanmar, Thailand, Taiwan, and the Ryukyu islands of Japan (Galle, 1985) . This species is also found in Vietnam and is included in herbarium collections established in the 1930s by a French botanist and maintained by Hanoi University College of Sciences; however, only taxonomical studies have been carried out because of unfortunate periods such as the Vietnam War.
In a previous report (Hang et al., 2010) , the morphological characteristics of R. simsii in Vietnam and Japan were investigated. These characteristics, however, are often influenced by environmental conditions. In these cases, endogenous components of the plants have been surveyed for classification (Harborne and Turner, 1986) and the classification of the genus Rhododendron by foliar flavonoids has been carried out (Harborne and Williams, 1971; Miyajima et al., 2000b) . The first purpose of this study was to attempt to classify R. simsii distributed in Vietnam and Japan by flower anthocyanin constituents.
R. simsii was introduced into Europe at the end of the 18th century from southern China and its breeding for ornamental use began in England and developed in Belgium and Holland (Galle, 1985) . R. simsii cultivars called Belgian azaleas have become one of the most important potted plants in Western Europe, the USA, China, and Japan.
Although wild R. simsii in Vietnam is distributed in the mountainous areas of Vietnam, these populations seem to be the evergreen azalea species belong to the subgenus Tsutsusi distributed in one of the southernnest regions of the northern hemisphere. Most flower cultivars in Vietnam are regrettably imported from other countries and not produced domestically. Potted azaleas for Vietnam are also bred in other countries and imported 207 mainly from China, however, foreign varieties are not always suitable for domestic production as climate, soil, etc. differ by region. It is urgently necessary to establish breeding systems using domestic germplasm; thus, R. simsii distributed in Vietnam seems to be an important genetic resource for the breeding of ornamental evergreen azaleas not only in Vietnam but also in other subtropical countries.
Anthocyanins are the most important pigments in plants, and these pigments are responsible for pink, scarlet, red, mauve, and purple colors in azalea flowers. There are many reports regarding the petal pigments of wild and cultivated evergreen azaleas (Asen and Buddin, 1966; De Loose, 1969 , 1970a Kunishige and Kobayashi, 1978; Miyajima et al., 1995 Miyajima et al., , 1997 Sakata et al., 1991 Sakata et al., , 1993 . Kobayashi (1978) reported that the anthocyanins of the flowers of azalea cultivars are: cyanidin 3-galactoside, cyanidin 3-arabinoside, cyanidin 3-glucoside, cyanidin 3-galactoside-5-glucoside, cyanidin 3,5-diglucoside, cyanidin 3-arabinoside-5-glucoside, peonidin 3,5-diglucoside, and malvidin 3,5-glucoside. Asen and Buddin (1966) reported cyanidin 3-arabinoside-5-glucoside in the R. simsii hybrid variety "Red Wing". De Loose (1970a) reported that the azalea variety "Ambrosiana" contains peonidin 3,5-diglucoside and malvidin 3,5-diglucoside acylated with caffeic acid.
In azaleas, it is well known the hydroxylation of anthocyanin exhibits a shift to blue, and that, in addition, co-pigmentation between anthocyanins and flavonols has a blueing effect (Asen et al., 1971; De Loose, 1978) . Some azalea species having reddish purple flowers contain cyanidin and delphinidin series anthocyanins and flavonols whereas red-flowered species have only cyanidin series anthocyanins and no flavonols in their petals (Mizuta et al., 2009) . Thus, investigation of the anthocyanin constituents of azalea flowers seems to be important for breeding; however, the anthocyanin constituents of R. simsii distributed in Vietnam have not yet been revealed.
Thus, the second purpose of this study was to obtain information on the flower anthocyanin constituents of wild R. simsii in Vietnam before starting a breeding program.
Materials and Methods

Plant materials
Fresh flowers of 54 accessions of four populations (Bach Ma, Hoang Lien Son, Lai Chau, and Than Uyen) of R. simsii in Vietnam, and 48 accessions of three populations (Amamioshima Island, Okinawajima Island, and Iriomotejima Island) in Japan were collected and used in this study (Fig. 1) . In addition, one sample from each red-flowered evergreen azalea species, R. indicum (Yakushima Island, Kagoshima Prefecture, Japan), R. kaempferi (Mt. Kirishima, Kagoshima Prefecture, Japan), R. oldhamii (Mt. Ali-shan, Taiwan), and R. scabrum (Amamioshima Island, Kagoshima Prefecture, Japan) were also used to compare their anthocyanin constituents with R. simsii.
Fresh petals were boiled at 100°C for a few seconds and cooled immediately in water. The cooled petals were dried overnight at 50°C. The dried samples were stored in a desiccator until further analysis.
HPLC analysis of anthocyanins
Dried petals (ca. 30 mg) of each accession were soaked overnight with 2 mL of 50% CH 3 COOH-H 2 O. Analytical HPLC for anthocyanins was performed on a C-R3A Chromatopac, an SCL-10Avp system controller, an SPD10Avp UV-Vis spectrophotometric detector, an LC-20 ADvp liquid chromatograph, and a CTO-10Avp column oven (Shimadzu Corp., Kyoto, Japan) using a Cosmosil 5C 18 -MS-II 4.6 mm i.d. × 250 mm column (Nacalai Tesque, Kyoto, Japan), with a column temperature of 40°C and monitoring at 520 nm. The solvent system used 
Purification of major anthocyanins
Dried petals (ca. 100 g) of R. simsii from Vietnam were soaked overnight in 2L HCOOH-H 2 O (1 : 9, v/v) at room temperature. After filtration, the filtrate was diluted with the same amount of water and passed through a Diaion HP-20 resin column (60 mm i.d. × 700 mm, SUPELCO, Bellefonte, USA). The column was thoroughly washed with water (8 L) and the anthocyanins were eluted by HCOOH-CH 3 OH (5 : 95). After concentration of the eluate, the anthocyanins were again purified on a Sephadex LH-20 column (50 mm i.d. × 700 mm, Sigma-Aldrich Co., St. Lous, USA) by HCOOH-C 2 H 5 OH-H 2 O (1 : 10 : 9, v/v). The eluate was concentrated and filtered.
Isolation of major anthocyanins by preparative HPLC
Preparative HPLC was performed using a C-R6A Chromatopac, an SCL-10Avp system controller, a SPD10AVVp UV-Vis detector, an LC-6AD liquid chromatograph, and CTO-10Avp column oven (Shimadzu Corp.), with a Cosmosil 5C 18 -AR-II 20 mm i.d. × 250 mm column (Nacalai Tesque) at 35°C and a flow rate of 9.0 mL·min Each isolated fraction was evaporated to dryness, dissolved in a minimum amount of 0.1% HCl-CH 3 OH, and precipitated with the addition of excess diethyl ether; the precipitate was collected by centrifugation at 3,000 rpm and dried in vacuo. Two major anthocyanins in the petals of R. simsii in Vietnam were obtained as powders of the HCl salt.
Identification of anthocyanidins and sugars of major anthocyanins Each anthocyanin powder obtained from the petals of R. simsii from Vietnam was dissolved in 2 N HCl. The solution was heated at 100°C for 60 min and anthocyanidin was extracted by isoamyl alcohol. The resulting alcohol layer was analyzed by HPLC for the identification of anthocyanidin. The same analytical HPLC system described previously was used but a . The aqueous layer obtained from acid hydrolysis was dried in vacuo and the residue was redissolved in H 2 O for sugar analysis by TLC with n-BuOH-CH 3 COOH-H 2 O (4 : 1 : 2, v/v) as the solvent. The sample spots were detected by spraying aniline hydrogen phthalate reagent (100 mL n-BuOH saturated with H 2 O, 0.96 g aniline and 1.66 g phthalic acid) and heating. Authentic standards of glucose, galactose, xylose, arabinose and rhamnose were used.
NMR analysis
1 H-NMR (400 MHz) spectra of the two major anthocyanins of R. simsii were recorded on a JNM A400 NMR instrument (JEOL, Tokyo, Japan) at 30°C. DMSOd6-CF 3 COOD (9 : 1, v/v) and tetramethylsilane (SigmaAldrich Co.) were respectively used as the solvent and internal standard.
Results and Discussion
Fourteen peaks of anthocyanin were detected as anthocyanins in the flowers of R. simsii distributed in Vietnam and Japan (Table 1) , although a minimum of four and a maximum of nine anthocyanins were found in each accession (Fig. 2) . Although A5 and A8 were found in all of the Vietnamese and Japanese accessions, A2, A3, A6, A9, A10, and A12 were found only in the Japanese population, but there was no anthocyanins detected only Vietnamese population. Thus, these anthocyanins seemed to be specific to Japanese accessions; however, the percentages of these anthocyanins in extracts were 4.2% (A6) to 27.1% (A2). Anthocyanin constitution of the petals of R. kaempferi in Tohoku (northern Japan) and Kyushu (southeastern Japan) were compared and found to contain unique anthocyanins only in individuals from the Tohoku region (Miyajima et al., 2000a) . Moreover, almost all flowers of R. kaempferi in the Tohoku district with a unique anthocyanin were a dark red, whereas the individuals distributed in Kyushu had vivid red flowers (Miyajima et al., 2000a) .
In Vietnamese populations, the accessions of Bach Ma had quite simple flower anthocyanin constituents because four to five anthocyanins were found in their flowers, whereas four to seven anthocyanins were detected in other accessions (Table 2) . On the other hand, four to nine anthocyanins were found in Japanese accessions. Thus, the anthocyanin constituents of R. simsii flowers seem to be more complex in the Japanese population than the Vietnamese population; however, the percentage of these anthocyanins was very low except for A5 and A8 (Table 2) , and the flower color of these populations was almost the same (Hang et al., 2010) ; therefore, the Vietnamese and Japanese populations could not be classified by flower anthocyanin constituents.
As mentioned above, since A5 and A8 were detected as the major anthocyanins in R. simsii flowers in all of the Vietnamese and Japanese accessions, these anthocyanins were purified to identify their structure. Acid hydrolysis of A5 produced cyanidin and galactose whereas A8 produced cyanidin and arabinose (Table 3) . The HPLC retention times of A5 and A8 did not change after alkaline hydrolysis (data not shown), indicating that they had no acyl moieties.
A5 from 1 H-NMR (400 MHz, DMSO/CF 3 COOD); δ8.92, 1H, s, Cy-4; δ8.27, 1H, dd, J = 8.8, 2.4 Hz, Cy-6'; δ8.06, 1H, d, J = 2.5 Hz, Cy-2'; δ7.08, 1H, d, J = 8.8 Hz, δ6.95, 1H, s, δ6.78, 1H, s, δ5.32, 1H, d, J = 7.8 Hz, δ3.86, 1H, dd, J = 9.5, 7.7 Hz, δ3.57, 1H, m, δ3 .81, 1H, dd, J = 2.2, 0.9 Hz, Gal-4; δ3.61, 1H, dd, J = 3.5, 1.6 Hz, Gal-5; δ3.69, 2H, d, J = 10.7 Hz, Gal-6. A8 from 1 H-NMR (400 MHz, DMSO/CF 3 COOD); δ8.82, 1H, s, Cy-4; δ8.41, 1H, dd, J = 8.8, 2.4 Hz, Cy-6'; δ8.04, 1H, d, J = 2.4 Hz, Cy-2'; δ7.06, 1H, d, J = 8.6 Hz, Cy-5'; δ6.95, 1H, s, Cy-8; δ6.78, 1H, s, Cy-6; δ5.42, 1H, d, J = 5.4 Hz, Ara-1; δ3.92, 1H, dd, J = 9.6, 5.4 Hz, Ara-2; δ3.66, 1H, m, Ara-3; δ3.85, 1H, dd, J = 3.4, 0.9 Hz, Ara-4; δ3.77, 2H, d, J = 6.7 Hz, Ara-5. By comparing the 1 H-NMR chemical shifts of cyanidin moieties of A5 and A8, marked differences in the proton signals (Dδ > 0.1 ppm) of Cy-4 and Cy-6' between A5 and A8 were observed, while fewer shifts were observed for other protons of cyanidin moieties. These results indicate that the connecting position of the sugar unit was the 3-position of the cyanidin moiety. Taken together with HPLC analyses, the complete structures of A5 and A8 (Fig. 3) were assigned to be cyanidin 3-galactoside and cyanidin 3-arabinoside, respectively.
R. simsii is distributed in the northern and central mountainous areas of Vietnam with elevations of 600-1,000 m, such as Hoang Lien Son, Lai Chau, and Sapa, which are close to the border of China, and Bach Ma and Nam Dong in central Vietnam (Pho, 2009) . The morphological characteristics of R. simsii in Vietnam are similar to those of Japanese origin and their flowers are only red (Hang et al., 2010) . Mizuta et al. (2009) investigated the flower anthocyanin constituents of some wild azalea species and suggested that red-flowered azaleas, such as R. indicum, R. kaempferi, R. oldhamii, and R. scabrum, contain two major anthocyanins in their petals. Harborne (1962) reported that cyanidin 3-garactoside and cyanidin 3-arabinoside are present in most Rhododendron species with red flowers, such as R. arboretum, R. meddinum, R. cerasifolium, R. oldhamii etc.
We confirmed two major anthocyanins in the flowers of these wild azalea species (Fig. 4) . Since the retention time in HPLC of these two major anthocyanins coincides with the two major anthocyanins (cyanidin 3-galactoside and cyanidin 3-arabinoside) of R. simsii (Fig. 3) , these two anthocyanins seem to be common to red-flowered evergreen azaleas. Heursel and Horn (1977) reported that the progeny of azaleas obtained from artificial crossing between purpleflowered cultivars (based on malvidin glycoside) and red-flowered cultivars (based on cyanidin glycoside) have complicated the anthocyanin constituents of their petals. Umeki and Inazu (1989) mentioned that petal color ranging from red to purple in azaleas is from anthocyanins and the extremely wide variation of flower colors in azalea cultivars was obtained from crossing purple-and red-flowered groups.
Interspecific cross-compatibility between R. simsii in Vietnam and some wild evergreen azaleas has already been confirmed (Hang et al., 2009) and F 1 hybrids between this species and purple-or reddish purpleflowered species (R. eriocarpum, R. kaempferi var macrogemma, R. sataense) have been obtained. Since the flower color variations of these F 1 progenies are expected to be wider than their parent species (Miyajima et al., 1999) , F 2 or F 3 generations having various flower colors can be obtained; thus, new azalea cultivars with wide color variation will be bred in the near future in Vietnam.
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